In this study, the dense polycrystalline Ti 2 AlC was synthesized by self-propagating high-temperature combustion synthesis with the pseudo-hot isostatic pressing process (SHS/PHIP). The resultant phase purity is highly dependent on the mol ratio of raw powders. The Ti 2 AlC was densified by applying pressure after the SHS reaction. The resultant sample mainly contains typical plate-like nonstoichiometric Ti 2 AlC x (x = 0.69) with grain size of $6 mm. The sample shows the Vickers hardness of 5.8 GPa, highest flexural strength of 432 MPa, compressive strength of 1037 MPa, and fracture toughness of 6.5 MPaÁm 1/2 . No indentation cracks in Ti 2 AlC x were observed, indicative of a damage material nature. The reaction mechanism for the formation of SHS/PHIPderived Ti 2 AlC is also discussed based on differential thermal analysis and x-ray diffraction results.
I. INTRODUCTION
Ti 2 AlC, as one of MAX ternary compounds (M n+1 AX n , where M = early transition metal, A = group IIIA or IVA element, X = C and/or N, n = 1-3), has attracted great attention recently because of its unique combination of both metal-and ceramic-like properties: low density (4.11 g/cm 3 ), 1 high Young's modulus (277.6 GPa), 2 good thermal and electrical conductivity (46 Â 10 À6 W/K and 2.78 Â 10 6 S/m), 1, 3 easy machinability, and good oxidation resistance. 4 At room temperature, Ti 2 AlC with preferentially oriented microstructures exhibits ductile behavior and unusually high irreversible energy absorption behavior during cyclic deformation, particularly in its porous state. 5 These properties could render this ternary compound to be a suitable candidate for many high-temperature structural and functional applications.
Although Ti 2 AlC was first synthesized and its structure was determined in the late 1960s, 1, 6 until now, only a few methods for the fabrication of bulk Ti 2 AlC have been reported. Barsoum et al. 3, 7 used hot pressing (HP) or reactive hot isostatic pressing (HIP) of Ti/Al 4 C 3 /C pellets to produce high-purity Ti 2 AlC samples. Wang and Zhou 8 synthesized bulk Ti 2 AlC by solid-liquid reaction synthesis in combination with densification process from raw Ti, Al, and C powders. Zhou et al. 9 also obtained highpurity bulk Ti 2 AlC by a spark plasma sintering (HP) technique with raw materials of the mixed Ti, Al, and C powders. However, these fabrication methods are complicated, time consuming, and expensive. At the same time, self-propagating high-temperature combustion synthesis (SHS) has been well developed to fabricate bulk Ti 2 AlC due to some advantages, such as little demand on external energy, short reaction time, and convenient commercialization. Lopacinski et al. 10 synthesized Ti 2 AlCbased powders from the powder mixture of Ti/TiAl/C by SHS. Chen and colleagues [11] [12] [13] cold-pressed and ignited the mixed elemental powders of 3 Ti/2 Al/1 C or (2 À x) Ti/xTiC/Al/(1 À x)C, resulting in Ti 2 AlC with a small amount of TiC. Moreover, Khoptiar , and succeeded in synthesis of TiAl/Ti 2 AlC composites. 16 However, the resultant Ti 2 AlC products by a single SHS method still have two problems: high porosity and low purity.
In this study, an SHS with a pseudo-hot isostatic pressing process (SHS/PHIP) was used using commercial powders of Ti, Al, and carbon black as starting materials, aiming for high purity by changing the composition, high density, and high purity of dense Ti 2 AlC by applying pressure during fabrication. The reaction mechanism for nonstoichiometric Ti 2 AlC x (x = 0.69) formation from Ti, Al, and carbon black was also discussed.
II. EXPERIMENTAL AND COMPUTATION DETAILS

A. Experimental details
In this study, we selected commercial powders, Ti (99.2%, 36 mm), Al (99.5%, 12 mm), and carbon black (99.0%, 1 mm), as starting materials to develop a rapid and economical route to fabricate Ti 2 AlC. The starting Ti, Al, and carbon black powders were first weighed according to the designed composition. Subsequently, these powders were mixed in a nylon jar with a stainless steel milling ball for 10 h.
The mixed powders were subsequently dried and compressed into disc-shaped pellets 55 mm in diameter and 20$30 mm in height uniaxially under a pressure of $30 MPa (P 1 ) for 15 s (t 1 ) in a steel presprayed mold. The set-up and schematic diagram (inset) for the SHS/PHIP process is shown in Fig. 1 . Densification was accomplished in a special die using a 2 Â 10 5 -kg hydraulic press machine. A heated coil at one end ignited the pellet, and the self-sustained combustion wave propagated from this heated end to a full sample because of the highly exothermic reaction. The pellet was quickly pressed when the product was still hot and plastic, which was held for $12 s (t 2 ) under a pressure of $420 MPa (P 2 ). To study the effect of the composition of the starting material, four sets of initial elemental powders with a slight composition change (the molar ratios of Ti:Al:C: = 2.5:2:1, 2.7:2:1, 2.9:2:1, and 3.1:2:1) were subjected to the SHS/PHIP runs. To study the effect of applied pressure on the phase composition of the products, we selected two additional different procedures to synthesize Ti 2 AlC on the elemental powders with Ti/Al/C molar ratios of 2.9:2:1: (i) igniting raw material powders without any pressure and (ii) igniting the pellet compressed from raw material.
The phase analysis was identified by x-ray diffraction (XRD; D/max-rB, Tokyo, Japan) using Cu K a radiation with a step of 0.02
. For further determination of the crystal structure details of derived Ti 2 AlC, Rietveld structure refinement was conducted on a powder XRD pattern. The crystal structure was assumed as space group P6 3 /mmc. 1 The profile model used was a pseudoVoigt function. The specimens were cut into a series of bars by the electrical discharge method (EDM): 3 Â 4 Â 36-mm 3 bars for flexural strength measurement, 5 Â 5 Â 12.5 mm 3 for compressive strength measurement, and 2 Â 4 Â 22-mm 3 bars for fracture toughness measurement, respectively. The density was measured by Archimedes' method. The flexural strength was measured using a three-point bending test with a cross-head speed of 0.5 mm/min. The fracture toughness was measured by a single edge notched beam (SENB) test with a cross-head speed of 0.05 mm/min and a notch width of $0.2 mm. The compressive strength was measured by a compressive test with a cross-head speed of 0.2 mm/min. The Vickers indentations were carried out at a range of 4.9-49 N loads on the polished surface. Three runs were made at each indentation load; the data reported are the average of the three runs. The microstructures were observed by scanning electronic microscope (SEM; S-4800; Hitachi, Tokyo, Japan) equipped with energydispersive spectroscopy (Tokyo, EDS). To study the reaction mechanism for the formation of Ti 2 AlC during heating the elemental powders, differential thermal analysis (DTA) was performed using a TGA1600 DTA apparatus (Mettler-Toledo, Zurich, Switzerland). 
B. Computation details
We optimized the lattice parameters using the standard CASTEP 17 code, which is a plane-wave pseudopotential total energy calculation method based on densityfunctional theory. 18 The plane-wave energy cut-off and the brillouin zone sampling were fixed at 450 eV and 10 Â 10 Â 2 special k-point meshes, respectively. Interactions of electrons with ion cores were represented by the Vanderbilit-type ultrasoft pseudopotential. 19 The electronic exchange-correlation energy was treated according to the Perdew-Wang generalized-gradient approximation (GGA-PW91). 20 The crystal structures were fully optimized by independently modifying lattice parameters and internal atom coordinates. The BroydenFletcher-Goldfarb-Shanno (BFGS) minimization scheme 21 was used to minimize the total energy and internal forces. The tolerances for geometry optimization were set as the difference in total energy being within 5 Â 10 À6 eV/ atom, the maximum ionic Hellmann-Feynman force being within 0.01 eV/Å , the maximum ionic displacement being within 5 Â 10 À4 Å , and the maximum stress being within 0.02 GPa. The cohesive energy (E c ) was obtained by subtracting the total energy of atoms comprised from the total energy of the given phase.
III. RESULTS AND DISCUSSION
A. Effect of the composition of the starting elemental powders on the phase purity Figure 2 shows the XRD patterns of the products synthesized by SHS/PHIP from different starting compositions in molar ratio. It is seen that Ti 2 AlC with minor TiAl is detected for all the samples obtained from the starting elemental powders. However, the intensity of diffraction peaks for TiAl in the sample with the Ti/Al/C molar ratios of 2.9:2:1 is the weakest. It can be concluded that high-purity Ti 2 AlC bulk can be synthesized by the SHS/PHIP process from the starting elemental powders with the Ti/Al/C molar ratios of 2.9:2:1. The coexistence of TiAl with Ti 2 AlC is probably because of the surplus of titanium in the starting powders. In a previous report, 11 Ti 2 AlC powders with TiC impurities were obtained by SHS with a Ti/Al/C molar ratio of 3:2:1. Therefore, our initial interest is to synthesize the dense Ti 2 AlC by SHS/PHIP with a Ti/ Al/C molar ratio of 3:2:1, and the obtained results shown in Fig. 2(b) are different from that reported by Guo et al. 11 It should be noted that the composition of the raw materials is different from that of perfect Ti 2 AlC, which indicates that the derived Ti 2 AlC may be nonstoichiometric. Rietveld refinement was conducted to validate the powder XRD data, and the refined results are shown in Table I . Figure 3 shows the experimental powder XRD pattern and Table II lists the experimental and calculated values of 2y, d and the intensities of the h k l reflections of Ti 2 AlC from the Rietveld refinement. The refined lattice parameters are a = 3.0502 nm and c = 1.36469 nm (Table I) , agreeing well with the previous results. 7, 9 The refined occupancies for Ti, Al and C atoms are 0.96367, 1.00 and 0.61445, respectively. We also optimized the refined Ti 2 AlC structure using CASTEP code and our calculated values for the lattice constants and atoms coordinate shown in Table II Table III that the present method has a number of advantages over the previous ones, such as low cost, very short synthesis time, simultaneous synthesis and densification, and being a relatively simple procedure. These advantages mainly come from the SHS reactions between the elemental powders of Ti, Al, and carbon black, which provide most of the thermal energy required for the process; the SHS reaction mechanism for the formation of the nonstoichiometric Ti 2 AlC will be discussed in detail in Sec. III. B.
B. Effect of applied pressure on the densification Figure 4 shows the XRD patterns of the products from different procedures: (i) igniting raw material powders without pressure; (ii) igniting raw material after compressing into the pellet; and (iii) the SHS/PHIP process. It was observed that there is almost no difference among the three patterns, which indicates that the pressure in the process has a weak effect on the phase composition of the products. However, the obtained products are both porous, whereas the density of Ti 2 AlC synthesized by the SHS/PHIP process is $97% of theoretical density, which shows the significant effect of pressure on the densification of bulk Ti 2 AlC. Figure 5 is the SEM micrograph of the products with different procedures. For all procedures, the typical plate-like Ti 2 AlC grains are found, with an average grain size of $6 mm in length and $1 mm in width. To our knowledge, this is the finest grain to date in all the processes to synthesize bulk Ti 2 AlC. The reason is that the crystal growth of Ti 2 AlC was blocked because of the short time for heat preservation under high temperature in this work. In addition, it is observed that there are interspaces between the grains for procedures (i) and (ii) but not for the SHS/PHIP process. This indicates that the applied pressure after the SHS reaction is crucial for the densification of the products by SHS. The SHS procedure is completed in a short time ($60 s). There is not enough time to sinter because of the short time for heat preservation under high temperature. In addition, it is well known that surface tension is the driving force for sintering. However, the increase of atmosphere pressure in the closed pores counteracts the effect of surface tension during sintering, which is also related to the difficulty of sintering. The applied pressure would provide the additional driving force, which results in continuation and speedup of sintering. In fact, the derived products are plastic during applied pressure for densification, whereas the closed pores would be eliminated during plastic flow under high pressure. Therefore, the dense products could be synthesized by SHS/PHIP in a very short time under high pressure.
C. Mechanical properties
Because the derived products in procedures (i) and (ii) could not be machined into the samples for mechanical property measurement because of high porosity, the measurements for mechanical properties were conducted only for the products synthesized by SHS/PHIP. Figure 6 shows the Vickers hardness of nonstoichiometric Ti 2 AlC x (x = 0.69) synthesized by SHS/PHIP as a function of indentation load and the SEM micrograph of the indentation as an inset. It was observed that the measured hardness decreases as applied load increases from 9.8 to 49 N, and above a critical indentation load, the hardness is independent of applied loads, which is commonly observed in MAX phases. The high Vickers hardness at low load is caused by the elastic recovery that produced a smaller indentation size after indentation. 22 The measured constant value of 5.8 AE 0.5 GPa at 49 N in this work is comparable to that reported by Barsoum et al. 3 and about twice of that determined by Wang and Zhou. 8 When examining the indentation morphology, the micrograph shows many unique and characteristic features of the indentation surface. The asymmetric damage region around the indentation extends to $1.0-1.5 indentation diameters from the indentation mark. There are, however, no dominant cracks emanating from the corners of the indentation, which is different from traditional brittle ceramics such as SiC, Si 3 N 4 , and Al 2 O 3 . This indicates that the nonstoichiometric Ti 2 AlC x is a damage tolerance material.
The fracture toughness, flexural strength, and compressive strength of nonstoichiometric Ti 2 AlC x (x = 0.69) synthesized by SHS/PHIP were 6.5 MPaÁm 1/2 , 432 MPa, and 1037 MPa, respectively. To our knowledge, the measured flexural strength and compressive strength in this work are highest, which is related to the finest grain in this work. The fracture toughness is comparable to that reported by Wang and Zhou. 8 The fracture surface shown in Fig. 5(c) is uneven, which is caused by crack deflection. There are also clear indications of crack deflection along the basal planes, delamination, and pullout of single grains as the main contribution to the high toughness, which is related to the plate-like grain and crystal structure of Ti 2 AlC.
D. SHS reaction mechanism of the formation of Ti 2 AlC from elemental powders
In Sec. III. A, we pointed out that this SHS/PHIP process has a number of advantages over the previous ones. 3, [7] [8] [9] In addition, the products synthesized by this process are nonstoichiometric Ti 2 AlC x (x = 0.69). To understand the procedure well, it is important to study the SHS reaction mechanism for the formation of the nonstoichiometric Ti 2 AlC x (x = 0.69) from starting elemental powders.
As described above, the pressure in the SHS/PHIP process has a weak effect on the phase composition of the products. Therefore, we studied the reaction mechanism from the mixture of Ti, Al, and carbon black powders by DTA. Figure 7 is the DTA curve for the powder mixture with a Ti, Al, and C mol ratio of 2.9: 2: 1 at a heating rate of 10 C/min, in which several endothermic and exothermic peaks are observed. An obvious endothermic peak is observed at $660 C, which corresponds to the melting of aluminum. The melting of aluminum created a liquid environment for Ti and C powders, which would increase the reaction rate in the Ti-Al-C mixtures. The minor endothermic peaks include three peaks at $720, 945, and 1350 C, respectively. To understand the phase evolution during heating, we heated the mixed powders from ambient temperature to 800 and 1000 C at a rate of 10 C/min, respectively, which held at every requisite temperature for 15 min without the application of pressure and then cooled down to room temperature. To our surprise, the phase composition of the samples identified by XRD was very similar to that of the SHS products. The study by Wang and Zhou 8 indicated that Ti 2 AlC could not be formed completely at these temperatures. We think that this is because of the thermal explosion between the elemental powder mixtures, which is a SHS procedure. In fact, the thermal explosion among Ti, Al, and C has been observed by Khoptiar and Gotman. 14 Based on this analysis and previous work by other researchers, 8, 11, 14 the possible reaction mechanism for the synthesis of the nonstoichiometric Ti 2 AlC from the 
This is a solid-liquid reaction, and the heat was released in a short time, which results in the temperature of the sample increasing quickly and becoming hotter than the ambient temperature. Second, at elevated temperature, the diffusion of carbon in Ti-Al intermetallics resulted in the formation of carbides such as Ti 3 AlC, Ti 2 AlC, and TiC as follows. However, compared with other processes such as hot pressing (HP), hot isotactic pressing (HIP), and spark plasma sintering (SPS), there is not enough time for carbon to diffuse completely because of the SHS process completing in $60 s, which resulted in the formation of nonstoichiometric Ti 2 AlC x , Ti 3 AlC x , and TiC x (x < 1). 
The heat released in this procedure ignited the next elemental powder mixture and the self-propagation reaction (SHS) was ignited. The reaction mechanism proposed in this study suggests that the stoichiometric Ti 2 AlC could be synthesized by the increase of soaking time at high temperature. The formation of Ti 2 AlC x needs proper temperature, composition, and soaking time. However, they are affected by each other: the change for one is at the bottom of that for the others. Therefore, it is nearly impossible to obtain the formation condition for pure Ti 2 AlC including temperature, composition, and soaking time, which results in the impurity in the products by SHS.
IV. CONCLUSION
In this work, the nonstoichiometric Ti 2 AlC x (x = 0.69) bulk was synthesized by the SHS/PHIP process using a Ti/Al/C powder mixture with a mol ratio of 2.9:2:1. The phase purity is highly dependent on the chemical ratio of the starting powders. The applied pressure significantly densified Ti 2 AlC x bulk with a relative density of up to 97%. The resultant Ti-Al-C MAX ternary compound has a Vickers hardness of 5. . The reaction mechanism for the formation of nonstoichiometric Ti 2 AlC x is also proposed. The SHS/PHIP process provides low-cost, very short synthesis time, simultaneous synthesis, and densification advantages.
